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We analyze the strong CP problem and the implications for axion physics in the context of U1
vector leptoquark models, recently put forward as an elegant solution to the hints of lepton flavor
universality violation in B-meson decays. It is shown that in minimal gauge models containing the
U1 as a gauge boson, the Peccei-Quinn solution of the strong CP problem requires the introduction
of two axions. Characteristic predictions for the associated axions can be deduced from the model
parameter space hinted by B-physics, allowing the new axion sector to account for the dark matter
of the Universe. We also provide a specific ultraviolet completion of the axion sector that connects
the Peccei-Quinn mechanism to the generation of neutrino masses.
Introduction.—The recent indications of Lepton Fla-
vor Universality Violation (LFUV) in semi-leptonic b →
cτν [1–5] and b→ s`` [6–9] transitions are at present one
of the most interesting hints of New Physics (NP). Even
though no individual measurement presents a high sta-
tistical significance, the global picture is very compelling:
the internal consistency of the data is remarkable [10–15]
and, once combined, the significance of the LFUV ob-
servables exceeds 3.7σ in b → s`` and 3.1σ in b → c`ν.
A common origin for these deviations is not obvious, but
it is very appealing from the theoretical point of view. If
confirmed as clear signals of physics beyond the Standard
Model (SM), they would point to non-trivial dynamics at
the TeV scale, possibly linked to a solution of the SM fla-
vor puzzle [16–22].
The U1 vector leptoquark, transforming as (3,1, 2/3)
under the SM gauge group, has revealed itself as an excel-
lent candidate for this task. The search for a renormaliz-
able model that contains the U1 has led to the so-called
4321 models [19–27], where the SM gauge group is ex-
tended to G4321 ≡ SU(4) × SU(3)′ × SU(2)L × U(1)′.
This is the smallest gauge group allowing for a TeV-scale
U1 as a gauge boson while remaining consistent with the
stringent bounds from high-pT data, see [28] for a recent
discussion. In 4321 models, the SM color group is embed-
ded as SU(3)c = [SU(3)4 × SU(3)′]diag, where SU(3)4
is a subgroup of SU(4). An interesting feature of 4321
models is that QCD arises as a low-energy interaction
emerging from the product of two non-abelian groups.
Therefore, it is tempting to study why CP is conserved
in the strong sector of these theories.
In this letter we show how a generalization of the
Peccei-Quinn (PQ) mechanism is applied to the 4321
models to solve the strong CP problem. A character-
istic feature of this mechanism is that two axions are
predicted. Many properties of these axions are deduced
from the parameter space required to accommodate the
deviations in B-meson decays. In particular, we find that
one of the axions remains QCD-like, while the other is
much heavier. In the last part we provide an ultraviolet
completion for the proposed PQ mechanism that con-
nects this solution to the generation of neutrino masses.
The Strong CP problem in 4321 models.—We are in-
terested only in the sector of the theory involving QCD
interactions: SU(4)×SU(3)′. We denote the correspond-
ing gauge bosons respectively as HAµ and Caµ with indices
A = 1, . . . , 15 and a = 1, . . . , 8, and the gauge couplings
as g4 and g3. The spontaneous symmetry breaking (SSB)
SU(4)×SU(3)′ → SU(3)c, is assumed to take place at a
scaleM ∼ TeV. After SSB, the gauge bosons mass eigen-
states are given in terms of the original gauge bosons by
Gaµ = cos γ C
a
µ + sin γ H
a
µ ,
G′ aµ = − sin γ Caµ + cos γ Haµ ,
(1)
with tan γ = g3/g4. Here G corresponds to the QCD
gluons and G′ is a massive color-octec vector, which we
denote as coloron. For the QCD coupling we have
gs =
g3 g4√
g23 + g
2
4
. (2)
It is important to note that g3,4 > gs, and that any of
these couplings can be significantly larger than gs at the
scale M . This will be important when computing non-
perturbative contributions to the the axion potential.
The relevant Lagrangian for the QCD θ-term is
L = θ4α4
8pi
HAµνH˜
A µν +
θ3α3
8pi
CaµνC˜
a µν , (3)
which for the QCD gluons gives
L ⊃ (θ4 + θ3) αs
8pi
GaµνG˜
a µν , (4)
and where αi = g2i /4pi. From this Lagrangian it is clear
that the tree-level value of the QCD θ-term is θ¯QCD =
θ¯4+θ¯3. Here θ¯i is defined as usual as the effective θi angle
in the basis in which the fermion masses are real. As in
the SM, loop-level corrections to this angle proportional
to the CKM phase are negligible [29, 30]. Additional
θ-terms involving the coloron also mediate CP violating
effects. Even though these are suppressed by the coloron
mass, they would lead to an unacceptably large neutron
electric dipole moment if the θi angles are of O(1).
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2QCD contributions to the axion potential are the same
as in the SM. Thus, it might seem that the strong CP
problem could still be solved with a single axion. This
is not the case for two reasons. First, due to the poten-
tially large coloron-induced contributions. And second,
because of the new short-distance non-perturbative ef-
fects induced by the SU(4) and SU(3)′ factors, see [31–
33] for a recent discussion and [34, 35] for a similar dis-
cussion in a different context. These new effects generate
shift-symmetry-breaking potential terms that destabilize
the single-axion solution to the strong CP problem. We
compute them in the next section. A straightforward so-
lution consists in including two axions, each relaxing one
of the θi angles. The two-axion potential is given by
Vaxion ≈ −Λ4QCD cos
(
a1
fa1
+
a2
fa2
− θ¯QCD
)
− Λ4SU(3) cos
(
a1
fa1
− θ¯3
)
− Λ4SU(4) cos
(
a2
fa2
− θ¯4
)
,
(5)
where the effective scale ΛQCD encodes the QCD contri-
butions to the axion potential which is estimated using
χPT techniques [36, 37] to be ΛQCD ≈ 77 MeV. The
minimum of this potential,〈
a1
fa1
− θ¯3
〉
= 0 ,
〈
a2
fa2
− θ¯4
〉
= 0 , (6)
is CP conserving. This solution is guaranteed to solve
the strong CP problem by a generalization of the Vafa-
Witten theorem [38], and also removes coloron-mediated
CP-violating contributions via the θ-terms. The need
for a second axion therefore constitutes a smoking-gun
signature of this class of models.
The properties of these axions are determined by the
SU(4) and SU(3)′ non-perturbative effects parameter-
ized by ΛSU(4) and ΛSU(3), which are fixed once the mat-
ter content and the gauge couplings at the TeV scale are
specified. As we show later, in the models we are in-
terested in, ΛSU(3) ≈ 0 and ΛSU(4)  ΛQCD. In this
limit and assuming no large hierarchies between the ax-
ion decay constants fa1 and fa2 , we obtain the following
physical axion states
a` ≈ a1 −  a2 , ah ≈ a2 +  a1 , (7)
where  = fa2/fa1×(ΛQCD/ΛSU(4))4. The corresponding
axion masses in the same limit, with f` ≈ fa1 and fh ≈
fa2 , read
ma` ≈
Λ2QCD
f`
, mah ≈
Λ2SU(4)
fh
, (8)
so one of the axions remains QCD-like, while the other
one receives a much larger mass proportional to the non-
perturbative scale ΛSU(4). Due to the structure of the
axion potential, the two axions present the same axion-
pion mixing, which coincides with the one of the QCD
axion. Moreover, since the θi angles of both groups con-
tribute to θQCD with the same weight, both axions are
predicted to have the same coupling to GG˜, again coin-
ciding with the one of the QCD axion, and hence also to
nucleons in the absence of axion couplings to fermions.
Small-size instantons.—Contributions from SU(4) and
SU(3)′ non-perturbative effects at the scaleM ∼ TeV are
potentially large. This is particularly the case when the
coupling constant of one of these groups becomes much
larger than the QCD coupling. We estimate the small-
size instanton (SSI) contributions to the axion potential
using the dilute instanton gas approximation (DIGA) [39]
Λ4i ≈ 2
∫ ∞
0
dρ
ρ5
Nf∏
k
(ρmk) D[αi(1/ρ)] , (9)
where Nf is the number of fermion zero modes and mk
their corresponding masses. Since the gauge groups we
are interested in undergo SSB, the instanton density is
described by the constrained instanton formalism [40, 41]
D[α(1/ρ)] = Cinst
(
2pi
α
)2N
e−2pi/α(1/ρ)−4pi
2ρ2 V2 , (10)
with
Cinst =
4
pi2
2−2Ne−[1+N
A
s ] c(1)+[Nf−NFs −2(N−2)] c(1/2)
(N − 2)!(N − 1)! ,
(11)
where c(1) ≈ 0.443, c(1/2) ≈ 0.146, NFs (NAs ) is the num-
ber of fundamental (adjoint) scalars coupled to SU(N),
with N = 3, 4, and V2 = ∑i qi〈Φi〉2, with qi = 1/2 (1)
for fundamental (adjoint) scalars. The factor propor-
tional to the vacuum expectation values (VEV) yields
an exponential suppression for large instanton sizes (i.e.
when 2piρ & V−1), acting as an infrared regulator. Con-
strained instantons are therefore much better behaved
than the ones in QCD, making the results of the DIGA
more reliable. Finally, note that the coupling appearing
in the exponential is renormalized, but the one in the
pre-exponential factor is not. It is expected that at two
loops the pre-exponential factor gets renormalized [42]
and thus one replaces the bare coupling by the 1-loop
running coupling, and the 1-loop coupling in the expo-
nential by the 2-loop coupling. Taking this into account,
the final expression reads
3Λ4i ≈ Cinst
(
2pi
αi(M)
)2N
e−2pi/αi(M)
∫ ∞
0
dρ
ρ5
Nf∏
k
(ρmk) (ρM)
bi
(
1− bi αi(M)
2pi
ln(ρM)
)2N−b′i/bi
e−4pi
2ρ2V2 , (12)
FIG. 1. Axion constraints in the (gaγ ,ma) plane.
where bi = 11/3N + . . . and b′i = 17/3N2 + . . . corre-
spond to the one- and two-loop coefficients of the SU(N)
beta functions which can be found in [43, 44].
Two 4321 examples from B-physics.—We now evalu-
ate the expression above in 4321 models aimed to explain
the B-physics hints of LFUV. For concreteness, we focus
on the 4321 implementations in [22, 27], which we denote
as PS 3 inspired 4321 and original 4321 models, respec-
tively. These two models are characterized for having
large values for the SU(4) coupling, a condition that is
required to avoid the strong high-pT bounds on the as-
sociated Z ′ and color-octect vectors. This in turn trans-
lates into large SSI effects in the axion potential that can
easily surpass the contributions from QCD interactions.
In the original 4321, 3 vector-like families are charged
under SU(4), while the SM-like families are charged un-
der SU(3)′. On the other hand, in the PS 3 inspired
4321, third-generation SM-like fermions are charged un-
der SU(4) together with two vector-like families, while
the other two SM-like families are charged under SU(3)′.
The two solutions present distinct SSI contributions to
the axion potential due to the different chiral suppres-
sions arising from the different fermion embeddings. In
particular in the PS3 inspired 4321 model the SSI re-
ceive an additional suppression proportional to the third-
family SM fermion masses. Using the benchmark points
provided in [22, 27], we find
ΛSU(4) ≈ 40 GeV (PS3 inspired 4321) ,
ΛSU(4) ≈ 140 GeV (original 4321) ,
(13)
while ΛSU(3) ≈ 0 in both cases. This is to be compared
with the scale generated by QCD interactions: ΛQCD ≈
77 MeV. In Figure 1 we show the predicted heavy ax-
ion lines in the (gaγ ,ma) plane for the two models, as-
suming that the axion-photon coupling, gaγ , is given
exclusively by the axion-pion mixing. The QCD axion
band and different astrophysical constraints, from [45],
are also shown. As can be seen, the model receives com-
plementary constraints from astrophysical searches, such
as monochromatic gamma lines. A heavy axion in the
X-ray, Extragalactic Background Light (EBL) or xion re-
gions can only give a small fraction of the Dark Matter
(DM) of the Universe. This is illustrated in Figure 1 with
the dashed lines.
Abundant DM in the form of cold axions can be pro-
duced via the misalignment mechanism [47–49]. In the
early history of the Universe, when the temperatures are
high, the axion potential is almost flat and the axion
fields can take any value. As the temperature decreases,
the axions start feeling the potential and begin to oscil-
late around its minimum, dissipating energy in the form
of cold axions. The amplitude of the oscillations and
hence the abundance of cold axions depends on the dis-
tance between the initial value of the axion field and the
minimum of the potential, quantity that is commonly re-
ferred to as misalignment angle. This mechanism is com-
pletely determined by the shape of the axion potential
at finite temperature, the zero-temperature axion masses
and the initial misalignment angles, which we denote as
θ`,hini for the light and heavy axions. Finite-temperature
effects for the QCD-induced potential have been stud-
ied in [50, 51] using the instanton liquid approximation,
while finite-temperature corrections to ΛSU(4) within the
DIGA can be found in [52]. We stress that, thanks to the
exponential cut-off introduced by the constrained instan-
ton density, the DIGA is expected to yield more accurate
results for ΛSU(4) than in QCD. The misalignment angles
are fixed to their average values θ`,hini = 〈θ〉 ≈ 2.1 [53] in
the post-inflationary case, but they are free parameters
in the pre-inflationary scenario. The axion DM relic den-
sity produced by this mechanism is proportional to the
square of the misalignment angles and therefore it tends
to zero in the limit θ`,hini → 0. This is a fine-tuned config-
uration and it is customary to take θ`,hini ∼ O(1).
In Figure 2, we show the axion DM contributions
for different values of the axion decay constants. The
blue region corresponds to values that reproduce (Ωah +
Ωal)h
2 = ΩDMh
2 = 0.12 with θ`,hini ∈ [2pi, 0.01]. We also
show different contours corresponding to various initial
misalignment angles. An important conclusion of our
analysis is that the post-inflationary scenario is strongly
4FIG. 2. Axion DM landscape. The blue region corresponds to values where the axions can account for 100% of DM. The grey
region is excluded from SN1987A [46] and the orange region excludes the parameter choices of heavy axion DM dominance.
disfavored by data. In this scenario, the heavy axion
yields either an overproduction of DM or a conflict with
the astrophysical constraints. This justifies a posteri-
ori having ignored other axion DM components, such as
those from strings and/or domain walls, which are only
relevant in the post-inflationary case.
A possible axion ultraviolet completion.—We consider
an extension of the model in [25, 27] where the general-
ized PQ mechanism is realized. Guided by the principle
of minimality, we consider a KSVZ-like scenario [54–56]
where the exotic PQ fermions are also responsible for
the neutrino mass generation, therefore connecting the
smallness of neutrino masses to the PQ scale(s) [57–60].
The extended particle content and global symmetries
are summarized in Table I. The 4321 gauge symmetry
is supplemented with a U(1)B′−L′ × U(1)χ global sym-
metry that acts as PQ symmetry. The first of these
U(1) factors can be identified with the difference between
the B′ and L′ symmetries in [25, 27], corresponding to
the difference between baryon and lepton numbers for
the SM-like fields, whereas U(1)χ is a symmetry under
which only χ and σ1 are charged. The PQ sector of the
model consists of the chiral fermions χ ∼ (15,1,1, 0)
and F ∼ (1,8,1, 0), and two copies of the scalar fields
σ1,2 ∼ (1,1,1, 0), which acquire the non-zero VEVs
〈σi〉 = vPQi and are responsible for the spontaneous
breaking of the PQ symmetries. As in the KSVZ model,
in this model the axions do not couple to SM fermions at
tree-level and the anomaly coefficient ratio is predicted
to be E/N = 0. This fixes the axion coupling to photons
to the one given by its mixing with the pion.
Thanks to the introduction of the fermion F and the
scalar fields η1,2 ∼ (1,8,2, 1/2), the generation of neu-
trino masses takes place at the one-loop level à la scoto-
Field SU(4) SU(3)′ SU(2)L U(1)′ U(1)B′−L′ U(1)χ
χ 15 1 1 0 0 −1
F 1 8 1 0 −1 0
σ1 1 1 1 0 0 2
σ2 1 1 1 0 2 0
η1,2 1 8 2 1/2 0 0
TABLE I. Scalars and fermions added to the model in [27].
genic [61], in analogy to [62, 63]. The relevant Yukawa
terms for the generation of neutrino masses are
LY ⊃ yiα F ηi `αL +
yF
2
σ2 F c F + h.c. , (14)
where i = 1, 2 and α = 1, 2, 3 are generation indices,
while the scalar potential terms relevant for neutrino
mass generation read
V ⊃ m2ηi η†i ηi +
1
2
λijν
[(
φ† ηi
) (
φ† ηj
)
+ h.c.
]
. (15)
Here φ is the SM Higgs doublet with VEV 〈φ0〉 = v/√2.
Without loss of generality, the mass matrix of the η
scalars has been chosen to be diagonal. In the presence of
the Yukawa interactions in (14) and the λν term in (15),
lepton number gets broken in two units. Assuming that
the scalar potential is such that the ηi scalars do not get
VEVs, neutrino masses are forbidden at tree-level and
are generated via the loop diagram in Figure 3. Taking
F and η masses close to the PQ breaking scale vPQ2 andO(1) Yukawa couplings, neutrino masses are predicted to
be ∼ λνv2/(4pi2vPQ2), hence in the ∼ 0.1 eV ballpark for
λν ∈
[
10−6, 10−1
]
when vPQ2 ∈
[
108, 1013
]
GeV. In the
5νL νL
φ φ
η η
F F
σ1
FIG. 3. One-loop diagram for neutrino mass generation.
limit λν  1, the one-loop neutrino mass matrix reads
(mν)αβ =
v2
4pi2MF
yiα yjβ λ
kk
ν LkXijk(ϕ) , (16)
where a sum over i, j, k is implicit and where we have
defined MF = yF 〈σ2〉, the loop function Li = Σi +
Σ2i log[M
2
F /m
2
ηi ], with Σi = M
2
F /(m
2
ηi −M2F ), and
Xijk(ϕ) = δij
[
sin2 ϕ+
(
cos2 ϕ− sin2 ϕ) δjk]
+ (1− δij) (δk2 − δk1) sinϕ cosϕ ,
(17)
with ϕ the η1 − η2 mixing angle. Since we included only
two η scalars (and a unique F ), our framework predicts
one massless neutrino. Such a minimal setup was also
considered in [64].
Finally, one might be concerned about the stability of
the neutral component of the χ multiplet. In the pre-
inflationary case, however, the cosmic abundance of this
specie (with mass typically of the order of the PQ scale)
will be diluted due to the effect of cosmic inflation.
Discussion.—Among the different options proposed to
explain the hints of LFUV observed in B-meson de-
cays, the hypothesis of U1 vector leptoquark stands for
its simplicity and effectiveness. The requirement of a
phenomenologically-consistent TeV-scale U1 arising from
an extended gauge group implies the emergence of QCD
interactions from a non-trivial high-energy group struc-
ture. The solution of the strong CP problem in this
class of models à la Peccei-Quinn predicts the existence
of two axions. Remarkably, many of the properties of
this extended axion sector are specified in terms of pa-
rameters that can be deduced from the explanation of
the LFUV hints. The exploration of axion signatures
thus offers a complementary probe of the possible un-
derlying NP structure behind by these deviations. As
an example of this complementarity, we have shown that
post-inflationary axions are strongly disfavored in these
setups. A better measurement of the isocurvature fluctu-
ations in the cosmic-microwave background could there-
fore shed some light on the viability of these models.
Many of the findings of this letter go beyond the hints
of LFUV in B-meson decays and can be generally applied
to a large class of models where QCD arises as a low-
energy interaction of an extended gauge sector. As we
have shown, constraints that are typically less relevant
for the QCD axion, such as those from X-rays or EBL,
can provide crucial information in this class of models.
Moreover, the extended axion sector can account for the
observed DM relic abundance outside the QCD band.
These predictions strengthen the motivation for the
search of axion-like particles solving the strong CP prob-
lem in parameter space regions that extend beyond the
one of the QCD axion.
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